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0 Introduction

In modern ship design, it is very important to pre⁃
dict the ship rolling motions accurately. However,
the viscous effect of flow field has a great influence
on the ship rolling motions, which causes many non⁃
linear components in the computation of ship rolling
motions so that the ship rolling motions can not be
accurately predicted by the traditional potential flow
theory.

Ship roll damping coefficient is a key factor to de⁃
termine the accuracy of ship rolling prediction, and

generally can be divided into 5 parts[1]: friction damp⁃
ing coefficient, wave damping coefficient, vortex
damping coefficient, lift damping coefficient and ap⁃
pendage damping coefficient. This classification is
convenient to study the influence of external factors
on the different components of damping coefficient,
but these 5 damping coefficients are assumed to be
linearly correlated. For the 5 parts, Ikeda et al.[2-3]
put forward the corresponding empirical formula ac⁃
cording to the ship model test in 1977-1978. Howev⁃
er, the efficiency of ship model test is not high, and
the application range of empirical formula is limited,
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so that these 2 methods can not be used in
large-scale ship model rolling study.

Nowadays, with the rapid development of comput⁃
er technology, Computational Fluid Dynamics (CFD)[4]
has been widely used in ship related research. In the
simulation analysis of ship rolling motion, scholars
have carried out a series of studies one after another.
Luca and Stefano[5] used CFD software to simulate
the rolling motion of mono-hull ship, catamaran and
small waterline area ship; Miller et al.[6] used the
Reynolds Averaged Navier Stokes (RANS) method to
predict the three-dimensional cylinder with bilge
keel; Wilson et al.[7] used CFDSHIP-IOWA solver to
predict the free rolling and forced rolling of ship un⁃
der different speeds; Yang et al.[8] simulated the free
and forced rolling motions of S60 ship model and cal⁃
culated its damping coefficient. However, all of the
above studies only obtained the total damping coeffi⁃
cient, or only separated the friction damping coeffi⁃
cient for analysis.

In this paper, the naoe-FOAM-SJTU solver[9],
self-developed by the research group of the authors,
is used to simulate the ship model motion and varia⁃
tion of flow field. The solver is developed based on
open source software Open Field Operation and Ma⁃
nipulation (OpenFOAM) [10], which takes the RANS
equation as the control equation, uses the finite vol⁃
ume method (FVM) to discrete the control equation,
adopts the volume of fluid (VOF) technology to cap⁃
ture the free surface, closes the equation with SST
k-ω turbulence model, and applies the Pressure-Im⁃
plicit Split-Operator (PISO)[11] to obtain the coupling
solution of velocity and pressure. However, the mo⁃
tion of hull is simulated by using the dynamic mesh
technique and the six degrees of freedom motion solv⁃
er. The naoe-FOAM-SJTU solver has been applied
in the numerical simulation of complex flow prob⁃
lems such as ship engineering, offshore engineering
and marine engineering, which includes various
types of numerical wave generation and wave dissipa⁃
tion, ship-propeller-rudder matched self-propul⁃
sion and maneuvering motion, hydrodynamic perfor⁃
mance of energy saving device, ship motion and vis⁃
cous damping, wave slamming, floating platform mo⁃
tion and air gap, sloshing of liquefied natural gas
(LNG) in liquid tanks, vortex-induced motion of
Spar platform, and other complex problems. The rele⁃
vant calculation results have been confirmed by a lot
of experiments. Using this solver, Wu et al.[12] suc⁃
cessfully predicted the open water performance of
propeller; Shen et al.[13] obtained the generation meth⁃

od of an irregular wave; Li et al[14]. simulated the
wake flows of wind turbine based on actuator line
model; Yin et al.[15] simulated the resistance problem
of real-scale VLCC ship; Cao et al.[16] simulated the
multi-direction ocean wave problem; Zha et al.[17]
simulated the wave-making resistance of catamaran;
Shen et al.[18] simulated the self-propulsion of ship
and the interaction of ship-propeller-rudder. The
numerical simulation results above show that the
naoe-FOAM-SJTU solver is reliable in solving the
problems of ship and ocean engineering.

In this paper, Euler method and RANS method
are used to simulate the forced rolling motion of
transverse section of two-dimensional ship model,
and the wave damping coefficient, friction damping
coefficient and vortex damping coefficient are sepa⁃
rated from the total damping coefficient. For the
three-dimensional ship model, by comparing the roll⁃
ing motions of bare hull with and without bilge keel,
the friction damping coefficient and bilge keel damp⁃
ing coefficient are separated from the total damping
coefficient. Because the rolling motion involved in
this paper does not consider the influence of ship
sway motion, the lift damping coefficient is not with⁃
in the scope of analysis.
1 Numerical method

1.1 RANS method

For the naoe-FOAM-SJTU solver, the RANS
equation is used as the control equation:

Ñ ×U = 0 （1）
¶ρU
¶t

+ Ñ × ( )ρ( )U - Ug U = -Ñpd - g × xÑρ +

Ñ × ( )μeffÑU + ( )ÑU × Ñμeff + fσ + fs （2）
where x is the location of mesh node; t is time; U

is the velocity field; Ug is the movement speed of
mesh; pd = p - ρg × x , is the dynamic pressure; ρ is
the density of liquid or gas; g is the vector of gravi⁃
tational acceleration; fσ is the surface tension term;
fs is the source term; μeff = ρ( )ν - ν t is the effective
dynamic viscosity, in which ν is the kinematic vis⁃
cosity and ν t is the vortex viscosity.

The SST k -ω turbulence model is used to close
the control equation. The boundary compressible
VOF method is used to track and capture the change
of free surface. The transport equation is defined as
follows:

¶α
¶t

+ Ñ × ( )( )U - Ug α + Ñ × ( )U r( )1 - α α = 0 （3）
where U r is the velocity field used to compress the
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interface; α is the integral value and represents the
volume proportion of fluid in the grid units, which is
between 0 and 1:

ì

í

î

ï

ï

α = 0 Air

α = 1 Water

0 < α < 1 Interface

（4）

The control equation is discretized by FVM meth⁃
od, namely, the computational domain is discretized
into a series of small units and the computational
flow field information is stored in the unit center of
mesh. Finally, the value of the elemental area is ob⁃
tained by interpolation of values of unit center. The
PISO algorithm is used to conduct the iterative solu⁃
tion of the coupled equation of pressure and velocity
after discretization, which is mainly composed of
three steps: sub prediction, correction and re-correc⁃
tion. The specific steps and algorithms refer to Refer⁃
ence [9].
1.2 Euler method

In this paper, the Euler method is used to calcu⁃
late the forced rolling of transverse section of two-di⁃
mensional S60 ship model. Because the friction
damping coefficient and vortex damping coefficient
are related to the viscosity of flow field and the wave
damping coefficient is assumed to be independent of
the viscosity of the flow field, the result obtained
from the Euler method is wave damping coefficient.

The realization of Euler method is also based on
the naoe-FOAM-SJTU solver. The value of the vis⁃
cosity term in the solver can be set as 0, and the
boundary conditions of the flow field can be changed
to realize the Euler method, which is the same as
that in Section 1.1.
1.3 Resistance coefficient in still water

In order to verify the feasibility of the Euler meth⁃
od and the independence between wave and viscosi⁃
ty, the Euler method and the RANS method are used
to simulate the motion of KCS ship model in still wa⁃
ter, and the still water resistance coefficient is solved.

The RANS method can be used to directly calcu⁃
late the total resistance of the ship in the viscous
flow field, and the resistance coefficient is obtained
by:

C = F
1
2
ρSV 2

（5）

where F is the total ship resistance; S is the wet⁃
ted surface area of the ship; and V is the speed.

The Euler method can only calculate the

wave-making resistance coefficient Cw , and the fric⁃
tion damping coefficient C f can be calculated by
the 1957ITTC friction formula:

C f =
0.075

( )lg Re-2 2
（6）

where, the Reynolds number is Re =VL ν , and L

is the length of ship. The final resistance coefficient
is C = C f + Cw .
1.4 Roll damping coefficient

In this paper, in order to compare with the experi⁃
mental data, it is necessary to calculate the related
roll damping coefficients. The calculation methods of
the forced rolling and free roll damping coefficients
are not consistent. The details are as follows.
1.4.1 Forced rolling

For forced rolling, the change of roll angle with
time can be expressed as the following equation:

θ = θ0 sin( )ωt （7）
where θ0 is the initial roll angle, and ω is the roll
frequency.

The roll damping moment can be expressed as:
M = Iθ̈ + B( )θ̇ θ̇ + C ( )θ t （8）

where I is the total inertia moment; B( )θ̇ is damp⁃
ing coefficient, which can be approximated as:

B( )θ̇ » Beq （9）
where Beq is damping coefficient. If the restoring
force coefficient C ( )θ t is assumed to be a polyno⁃
mial of θ , then

C(θ t) = a1θ + a2θ
2 + a3θ

3 + + anθ
n （10）

When θ = 0 , it can be derived that
Beq =

M0

θ0ω
（11）

B̂eq =
Beq

ρÑB2

B
2g

（12）
where M0 is the damping moment of ship when the
roll angle is 0° ; B is the ship breadth.

From the above equations, it can be seen that for a
certain working condition, the damping coefficient is
related to the roll damping moment. Therefore, the
roll damping moment can also be divided into
5 parts accordingly. For the visual analysis, this pa⁃
per will give priority to the analysis of the roll damp⁃
ing moment curve and the maximum moment.

In this paper, the total damping moment obtained
by naoe-FOAM-SJTU solver can be divided into
2 parts: shear and normal. The shear part is pro⁃
duced by the shear force around the hull, which is
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the damping moment produced by the friction force,
corresponding to the friction damping coefficient.
The normal part is caused by the unbalanced pres⁃
sure around the hull, which corresponds to the wave
damping coefficient and the vortex damping coeffi⁃
cient. The assumption that the wave damping coeffi⁃
cient is independent of viscosity is gained from Euler
method. Bilge keel increases the hull friction and
changes the distribution and magnitude of vorticity
around the hull. Therefore, it has an influence on
both the shear part and the normal part. The relation
of the 4 parts (vortex, wave, friction, appendage) of
roll damping moment is as follows:

ì

í

î

ïï

ïï

M p = M pw + M pe + M pb

M f = M ff + M fb

M = M p + M f

（13）

where M p and M f are normal and shear parts of
damping moment obtained by RANS method; M p is
produced by the common impact of vortex, wave and
bilge keel; M f is produced by friction part; M pw is
the normal part of damping moment obtained by Eul⁃
er method and is induced by the impact of wave; M pe

is rolling moment produced by vortex; M pb is the
normal part of rolling moment only produced by the
bilge keel; M ff is the rolling shear moment pro⁃
duced by the friction of bare hull; and M fb is the
rolling shear moment produced by the single friction
of the bilge keel.
1.4.2 Free rolling

For free rolling motion, it is not only necessary to
estimate the roll decay period by time history curve
of roll angle, but also necessary to calculate the
damping coefficient μϕϕ of the free ship rolling mo⁃
tion by using the curve[19]. Fig. 1 shows the typical
time history curve of roll angle.

According to the ship seakeeping theory[20], the dif⁃
ference of two adjacent amplitudes Dφ = φk - φk + 1

and the mean value φm = ( )φk + φk + 1 /2 can be ob⁃

tained based on the curve. Taking φm as the horizon⁃
tal axis and Dφ as the vertical axis, the curve of
damping coefficient can be obtained, as shown in
Fig. 2.

Thus, the damping coefficient of free rolling can
be gained through the following equation:

μϕϕ = Dφ/π × φm （14）
2 Computational models and

meshes

In this paper, a total of 3 kinds of ship types are
used: KCS, S60 and DTMB 5512. The computational
meshes are generated by mesh generation tool Snap⁃
pyHexMesh built-in OpenFOAM. In order to im⁃
prove the computational accuracy, the free surface
wave-making and the variation of vorticity near the
hull are captured, and the meshes of the free surface
and near the wall surface of the hull are properly den⁃
sified. In addition, in order to achieve the ship roll⁃
ing motions, the dynamic mesh technology is intro⁃
duced in the calculation.
2.1 KCS ship type

When the feasibility of the Euler method is veri⁃
fied through the still water resistance, in order to
compare with the experimental data[21], the same ship
type in the experiment is used, namely, KCS ship
type, and the parameters of KCS ship model are
shown in Table 1.

Fig. 3 shows the hull view of KCS ship model.

Fig.1 Time history curve of rolling angle

φ

φ0

φ1

φ2
φ3 φ4 φ5 φ6

t

Fig.2 The curve of damping coefficient

Dφ

φm

Table 1 The main dimensions of KCS ship model

Parameter
Ship length/m
Ship breadth/m

Draft/m
Block coefficient

Wetted surface area/m2

Displacement volume/m3

Center-of-gravity position/m

Value
7.36

1.030 4
0.345 6
0.651
9.757
1.706

（3.79，0，-0.113）
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Due to the symmetry of the hull, the meshes are
only divided at the starboard side of the longitudinal
section of the ship model, and the sizes of the compu⁃
tational domain are: -1.0L  x  4.0L , 0  y  1.5L ,
and -1.0L  z  1.0L . A total of 108 × 104 meshes
are divided and the meshes of bow, stern and back⁃
ground are shown in Fig. 4.

2.2 S60 ship type

For the typical transverse section of two-dimen⁃
sional ship type discussed in the paper, in order to
compare with the experimental data[22], this paper
adopts the same ship type and section as in the ex⁃
periment, namely, the typical transverse section of
S60 ship type. The main parameters of S60 ship mod⁃
el are shown in Table 2.

For the rolling simulation of transverse section of
the two-dimensional ship model, the rolling axis is
the x axis, and the axis O is the intersection of the
center line of the transverse section of the ship and
the waterline of the ship model when the transverse

section is still. Size of the computational domain is:
-2.5B  y  2.5B and -2B  z  2B . In addition, the
mesh convergence analysis is carried out for the roll⁃
ing example, with the mesh number of 4 × 104, 7 ×
104 and 14 × 104 respectively, as shown in Fig. 5.

2.3 DTMB 5512 ship type

As for the typical three-dimensional ship type dis⁃
cussed in this paper, in order to compare with the ex⁃
perimental data, the same ship model is used, name⁃
ly, DTMB 5512 ship model, and its key parameters
are shown in Table 3.

The bare hull models with and without bilge keel
are shown in Fig. 6.

Fig.3 The KCS ship model

（a）The meshes of bow （b）The meshes of stern

（c）Background meshes
Fig.4 Meshes distribution for KCS ship model

Table 2 The main dimensions of S60 ship model

Parameter
Ship breadth/m

Draft/m
Displacement volume/m3

Value
0.237
0.096

0.017 75

（a）Meshes 1（4×104） （b）Meshes 2（7×104）

（c）Meshes 3（14×104）

Fig.5 Meshes distribution for S60 ship model

Parameter
Ship length/m
Ship breadth/m

Draft/m
Wetted surface area/m2

Displacement volume/m3

Center-of-gravity position/m

Value
3.048
0.409
0.132

1.397 63
0.083

（1.524，0，0.03）

Table 3 The main dimensions of DTMB 5512 ship model

（a）The bare hull model

（b） The bare hull model with bilge keels
Fig.6 The DTMB 5512 ship models
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For rolling motion, the rolling center coincides
with the center of gravity, and the roll axis is the line
parallel to the water plane and passing through the
center of gravity on the central longitudinal section.
Size of the computational domain is: -1.0L  x 
3.0L , -2.0L  y  2.0L , -1.0L  z  0.5L . In order
to verify the reliability of the meshes, the mesh con⁃
vergence is also verified. The number of meshes is
97.8 × 104, 232 × 104 and 646 × 104 respectively,
among which the computational domain with 232 ×
104 meshes is shown in Fig. 7.

3 Verification and calculation
results

3.1 Rolling calculation of typical trans-
verse section of two-dimensional S60
ship model

In this paper, Euler method and RANS method
are used to simulate the forced rolling motion of the
transverse section of two-dimensional S60 ship mod⁃
el. Finally, the roll damping moment is divided into
3 parts: wave, friction and vortex.
3.1.1 Feasibility verification of Euler method

In order to verify the feasibility of the Euler meth⁃
od and the accuracy of the wave prediction around
the hull, the naoe-FOAM-SJTU solver is used in
this paper. This paper uses RANS method and Euler
method to calculate the still water resistances of ship
under different Froude numbers Fr, which are com⁃
pared with the experimental data. The results are
shown in Table 4.

It can be seen from Table 4 that the results ob⁃
tained by the Euler method are close to the experi⁃
mental results, namely, the wave-making damping
part obtained by Euler method is reliable. This meth⁃
od can be used to calculate the wave damping mo⁃
ment in the roll damping moment.

When Fr = 0.27, the comparison of wave pattern
calculated by the 2 methods is shown in Fig. 8, in
which the upper part is the calculation result of Eul⁃
er method and the lower part is the calculation result
of RANS method.

It can be seen from the above resistance coeffi⁃
cients that the error between the results of the two
methods and the experimental results is within the al⁃
lowable range, indicating that the calculation results
obtained by the Euler method are reliable for the
non-viscous flow field. According to the stable wave
patterns obtained by the Euler method and the
RANS method, the wave patterns around the hull are
almost the same. Therefore, it can be inferred that
the viscous effect of the flow field does not have
much influence on the wave-making near the hull. It
can be further inferred that it is feasible to use the
Euler method to calculate the wave damping part in
the rolling simulation.
3.1.2 Feasibility verification of RANS method

In order to compare with the experimental data of
Ikeda et al.[2-3], RANS method is used for the forced
rolling calculation of the typical transverse section of
two-dimensional S60 ship model under the same
rolling condition. The rolling condition is shown in
Table 5.

（a）The meshes of bow （b）The meshes of stern

（c）Background meshes
Fig.7 Meshes distribution for DTMB 5512 ship model

Table 4 The comparison between the results of two
methods and the experimental data

Fr

0.25
0.27

Experimental
data
3.574
4.006

Euler
3.705
4.180

Error/%
3.66
4.34

RANS
3.529
4.029

Error/%
1.26
0.58

Fig.8 The comparison of wave pattern between Euler and
RANS methods

Z/m
0.09
0.08
0.05
0.03
0
-0.03
-0.045
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Firstly, 0.17 rad is used to verify the convergence
and the results are shown in Table 6.

According to the data in Table 6, the error be⁃
tween meshes 2 and meshes 3 is within the allowable
range. However, taking into account the efficiency,
meshes 2 will be selected in the subsequent calcula⁃
tion.

In order to further verify the reliability of the cal⁃
culation results of meshes 2, meshes 2 is selected for
the forced rolling calculation under the other three
roll angles, and the results are shown in Table 7.

From the numerical results in Table 7, it can be
seen that the errors are within the allowable range,
and it can be confirmed that it is reliable to calculate
the results of the forced rolling motion of the trans⁃
verse section of two-dimensional ship model by
adopting the RANS method and meshes 2.
3.1.3 Calculation results of the forced rolling

motion of the typical transverse section of
two-dimensional S60 ship model

In order to separately analyze the different compo⁃
nents of roll damping coefficient during the forced
rolling motion of the transverse section of the two-di⁃
mensional ship model, this paper uses the Euler
method and the RANS method to simulate the ship
rolling in the same rolling condition, as shown in Ta⁃
ble 8.

Under this condition, Fig. 9 shows the time history
curves of forced roll moment with S60 ship model.

In Fig. 9, the black curve is the vertical portion
M pw of the moment of the ship calculated by the Eul⁃
er method; the red curve is the friction moment M ff

of the ship calculated by the RANS method; the blue
curve is the difference between M pw and the verti⁃
cal portion of the moment obtained by the RANS
method, namely, M pe .

In viscous flow field, the vorticity distribution
around the S60 ship model during the forced rolling
motion is shown in Fig. 10.

Fig. 10 shows the vorticity distribution of four typi⁃
cal moments in the (n - 1)th period, where T is the

Roll frequency/（rad·s-1）

Roll angle/rad
Flow field density/（kg·m -2）

Gravitional acceleration/（m·s -2）

Kinematic viscosity of fluid/（m2·s-1）

5.274 5
0.15，0.17，0.22，0.25

998.2
9.8

1.0×10-6

Table 5 The validation conditions of the method and mesh
for forced roll motion with S60 ship model

Mesh
Meshes 1
Meshes 2
Meshes 3

The number
of meshes
4×104

7×104

14×104

B̂eq obtained from
the experiment

0.002 6
0.002 6
0.002 6

B̂eq

0.002 025
0.002 378
0.002 446

Error/%
22.1
8.5
5.9

Table 6 The validation results of convergence study
of S60 ship model

θ0 /rad
0.15
0.22
0.25

Experimental result
of Ikeda B̂eq

0.002 014
0.002 639
0.002 721

Calculation result of
naoe-FOAM-SJTU B̂eq

0.002 003
0.002 486
0.002 800

Error/%
0.53
5.81
2.90

Table 7 The validation results of damping coefficient for
forced roll motion

Table 8 The calculation conditions for forced roll motion

Calculation
condition
2DFR

Motion state
Forced
rolling

Roll frequency/
（rad·s-1）

15

Inflow
velocity（Fr）

0

Roll angle/
rad
0.25

Fig.9 Time history curves of forced roll moment with
S60 ship model

2.0
1.5
1.0
0.5
0.0

-0.5
-1.0
-1.5

Mo
me

nt/（
N·

m）

1.0 1.5 2.0 2.5
Time/s

Mpe

M ff
Mpw

（a）t=nT （b）t=（n+1/4）T

（c）t=（n+1/2）T （d）t=（n+3/4）T
Fig.10 The vorticity distribution around the S60 ship model

Vorticity/s-1

-15 -10 0 10 15
Vorticity/s-1

-15 -10 0 10 15

Vorticity/s-1

-15 -10 0 10 15
Vorticity/s-1

-15 -10 0 10 15
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forced roll period and t is the moment corresponding
to the figure. The comparison of vorticity distribution
between with viscosity and without viscosity during
ship forced rolling is shown in Fig. 11.

As can be seen from Fig. 9, the part influenced by
vortex is much larger than the other parts in the
forced roll damping moment. In the hull rolling pro⁃
cess, a lot of vortices will emerge around the hull, re⁃
sulting in uneven pressure around the hull. The mo⁃
ment produced by this part has a greater effect than
that caused by friction and wave. At the same time,
this result is similar to the experimental result of Ike⁃
da et al.[2-3] and the numerical calculation result of
Korpus et al.[23]. It is also worth noting that the direc⁃
tion of the moment generated by the wave part is op⁃
posite to that of the moment of the other two parts,
and the reason analysis is shown in Fig. 12.

As seen from Fig. 12, the moment generated by
the waves on the ship makes the ship move toward
the overturning direction, which is opposite to the di⁃
rection of the moment of the other two parts. Howev⁃
er, because its proportion in the total moment is
small, the direction of the total roll moment is the
same with that of the roll moment generated by vor⁃
tex.

In addition, it can be seen from the time history
curves of moment (Fig. 9) that the time when the vor⁃
tex damping and the friction damping parts reach the
peak value and zero point is different. The peak time
of the friction damping part is later than that of the
vortex damping part. The vortex damping part of the
ship model is determined by the specific state of the
flow field when the transverse section of two-dimen⁃

sional ship model rolls. From the above data, it can
be seen that the peak value appears at the time when
the roll angle is the largest. Corresponding to the vor⁃
ticity diagram of the calculation results, it can be
found that at this time, the vortices around the trans⁃
verse section of the ship model are the most, espe⁃
cially at the bilge, resulting in extreme imbalance of
the pressure around the ship. Thus, the vortex damp⁃
ing part of the moment reaches the peak. However,
the friction damping part is determined by the rela⁃
tive velocity of the liquid near the transverse section
of the ship model and the surface of the ship model.
When transverse section of the ship model is at the
maximum roll angle, the surface speed of the ship
model is 0, while the nearby fluid still moves due to
inertia. Afterwards, the ship model moves toward the
opposite direction so that the relative velocity contin⁃
ues to increase, namely, the friction damping part of
the moment will continue to increase. So, the peak of
the friction damping part will appear later than that
of the vortex damping part.

From the analysis of the ship rolling vorticity dia⁃
gram (Fig. 10), it can be seen that vortex is generated
on the wall of the transverse section of the two-di⁃
mensional ship model. When the roll angle of the
ship model is gradually decreased from the maxi⁃
mum, the relative speed around the ship model be⁃
gins to form a layer of thin vortex in certain direc⁃
tion. Thus, as the ship gradually turns left (or right),
when the roll angle of ship model in the other direc⁃
tion reaches the maximum, the vortices in this direc⁃
tion have already been generated and attached to the
hull surface to form a thicker layer. After that, the
ship model rotates in the opposite direction and will
immediately form vortices in the opposite direction
around the ship model. Part of the outer vortices with
different directions are neutralized and the non-neu⁃
tralized part is discharged to the bottom and free sur⁃
face along the bottom and side of the hull so that four
vortex centers around the ship model are formed.
The direction of the four vortices is determined by
the initial rotation direction of the hull. When the ini⁃
tial rotation direction of the hull is changed, the di⁃
rection of vortex will be reversed.

From the pressure and vorticity distributions in
the non-viscous and viscous flow fields calculated
from the Euler method and the RANS method
(Fig. 11), it can be seen that the flow field without
viscosity does not produce significant vorticity.
Therefore, it can be confirmed that the vortex part of
the damping coefficient is only affected by the viscos⁃

（a）Without viscosity （b）With viscosity
Fig.11 The comparison of vorticity distribution between

viscosity and without viscosity

Vorticity/s-1

-8 -4 0 4 8
Vorticity/s-1

-15 -10 0 10 15

Fig.12 Analysis diagram of the wave damping moment

Roll angle Roll angle
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ity, namely, the vortex damping coefficient is ob⁃
tained from the viscosity part of normal moment.
3.2 Rolling calculation of three-dimen-

sional DTMB 5512 ship model

In this paper, the RANS method is used to simu⁃
late the rolling motion of DTMB 5512 three-dimen⁃
sional ship type. Eventually, the friction damping
part and the bilge keel damping part are separated
from the total damping.
3.2.1 Calculation verification of free rolling of

three-dimensional ship model
For the DTMB 5512 three-dimensional ship mod⁃

el, only the experimental results of free rolling in the
stable speed are presented, so this section uses the
same calculation conditions to simulate the free roll⁃
ing of the ship model to verify the feasibility of
RANS method and meshes. The calculation condi⁃
tions are shown in Table 9. The results of conver⁃
gence verification are shown in Table 10.

Calculation
condition
BHLS

Motion
state

Free decay

Ship type

Without bilge keel

Inflow
velocity（Fr）

0.138

Initial
angle/rad
0.174

Table 9 The calculation condition of convergence study for
free decay roll motion with DTMB 5512 ship model

Mesh

Meshes 1
Meshes 2
Meshes 3

The number
of meshes
97.8×104

232×104

646×104

Roll period obtained
from the experiment/s

1.584
1.584
1.584

Roll period/s

1.69
1.65
1.64

Error/%

6.7
4.2
3.5

Damping coefficient
obtained from the

experiment
0.074 5
0.074 5
0.074 5

Damping
coefficient
0.065 7
0.070 3
0.072 1

Error/%

11.8
5.6
3.2

Table 10 The validation results of convergence study with DTMB 5512 ship model

As seen from Table 10, the errors of meshes 2 and
meshes 3 are within the allowable range. But, taking
into account the efficiency, this paper will select
meshes 2 in the subsequent calculation.

In order to further verify the reliability of the re⁃
sults obtained by using the method and the meshes,
two kinds of inflow velocities are used for calculation
and verification according to meshes 2 and experi⁃
ment data. The two specific conditions are shown in
Table 11.

The calculation results are shown in Fig. 13 and
Table 12.

From the above results, it can be seen that the er⁃
ror between this calculation and experiment is within
6% , which proves that it is reliable to calculate the
results of forced rolling motion of the transverse sec⁃
tion of three-dimensional ship model by using
RANS method and meshes 2. In addition, it can be
seen from Fig. 13 that the relative error of roll period
between the numerical simulation results and the ex⁃
perimental results is constant, but the absolute error

Calculation
condition
BHLS
BHML

Motion
state

Free decay
Free decay

Ship type
Without bilge keel
Without bilge keel

Inflow
velocity（Fr）

0.138
0.280

Initial angle
/rad
0.174
0.174

Table 11 The calculation conditions for free decay roll
motion with DTMB 5512 ship mode

（a）BHLS

8
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-8
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/（°）

0 1 2 3 4 5 6 7
Time/s

Experimental dataCFD

Fig.13 The comparison of free decay roll motions simulation
results and the experimental data with DTMB 5512

Experimental dataCFD

0 1 2 3 4 5 6 7
Time/s

（b）BHML

8
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0

-4

-8
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Calculation
condition
BHLS
BHML

Inflow velocity
（Fr）

0.138
0.280

Roll period
obtained from

the experiment/s
1.584
1.545

Roll period/s

1.65
1.62

Error/%

4.2
4.8

Table 12 The validation results for free decay roll motion
with DTMB 5512 ship model
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value will accumulate over time. In the time history
curve of roll angle of free rolling, the error between
the numerical simulation results and the experimen⁃
tal results is gradually increased over time.
3.2.2 Calculation results for forced rolling of

three-dimensional DTMB 5512 ship
model

In order to separately analyze the different compo⁃
nents of the roll damping coefficient when the
three-dimensional ship model is forced to move, the
RANS method is used to simulate the bare hull mod⁃
el with and without bilge keel under the same work⁃
ing conditions. The specific conditions are shown in
Table 13.

Under this working condition, the time history
curves of forced roll moment are shown in Fig. 14.

In Fig. 14, the black line is the total moment M

for the bare hull model with bilge keel; the green
curve is the vertical part M pw + M pe of the total mo⁃
ment acted on the bare hull model; the blue curve is
the friction moment M ff of the bare hull; the red
curve is the vertical part M pb of the moment affect⁃
ed by the bilge keel; the pink curve is the tangential
part M fb of the moment affected by the bilge keel.

In viscous flow field, when the ship is forced to

roll, the vorticity distribution around the DTMB 5512
ship model is shown in Fig. 15.

As can be seen from the results in Fig. 15, in the
forced rolling of the three-dimensional ship model,
similar to the two-dimensional situation, the total
roll damping moment is still dominated by
M pw + M pe , while the proportions of the friction mo⁃
ments of the bare hull model with and without bilge

Calculation
condition

BHFR

BKFR

Motion state

Forced
rolling
Forced
rolling

Ship type

Without
bilge keel
With bilge

keel

Roll
frequency
/（rad·s-1）

6.28

6.28

Inflow
velocity
（Fr）

0

0

Roll
angle/
rad
0.25

0.25

Table 13 The calculation conditions for forced roll
motion with DTMB 5512 ship model

Fig.14 Time history curves of forced roll moment with
DTMB 5512 ship model
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（a）Vorticity distribution when θ =0（bare hull）

（b）Vorticity distribution when θ =0（bare hull with bilge keel）

（c）Free surface when θ =0（bare hull）

（d）Free surface when θ =0（bare hull with bilge keel）
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keel are very small. It is also worth noting that, for
the bare hull with bilge keel, the calculated total roll
damping moment is reduced and the specific reason
is shown in Fig. 16.

Reasons for the variation of damping moment
caused by bilge keel mainly result from the two as⁃
pects: first, the bilge keel increases the surface area

of the ship model, thereby increasing the friction
damping; second, the bilge keel in the forced rolling
of ship has a certain impact on the number and distri⁃
bution of vortex in the flow field so that the roll
damping moment of the ship is changed. Among
them, the friction damping occupies a very small por⁃
tion, which can be ignored in this analysis stage. The
second factor firstly considers the damping moment
caused by the pressure imbalance produced around
the bilge keel. As shown in Fig. 16, when the ship
model moves from the highest point to the balance
position, the total damping moment is conducive to
returning to the balance position for the ship model.
But, at this time, the roll damping moment caused by
the force of flow field faced by bilge keel prevents
the ship model from returning to the balance posi⁃
tion. Next, it can be seen from the vorticity diagram
in Fig. 15 that, with consideration of bilge keel, two
vortex centers are formed at the bilge of the hull,
which changes the numerical value and distribution
of vorticity in the flow field around the ship model.
Under the combined effect of these two factors, the
M p of ship model caused by the flow field is re⁃
duced within a certain range of roll angle, which also
includes the maximum value of M p .

Similar to the forced roll of transverse section of
the two-dimensional ship model, a certain phase dif⁃
ference exists between the time history curve of fric⁃
tion damping moment and the time history curve of
the vertical part of damping moment of the three-di⁃
mensional ship model. M p is related to the vorticity
around the hull, and when the ship rolling reaches
the maximum roll angle, the vorticity distribution
near the ship model is the most uneven and the value
of vorticity is the largest so that M p also reaches the
maximum. When the ship model moves toward the
opposite direction from the transverse section at the
maximum roll angle, the velocity of the fluid relative
to the surface of the ship model will continue to in⁃
crease, namely, the shear force of moment will con⁃
tinue to increase. So, a certain phase difference ex⁃
ists between the two time history curves.

（e）Vorticity distribution when θ =0.25 rad（bare hull）

（f）Vorticity distribution when θ =0.25 rad（bare hull with bilge keel）

（g）Free surface when θ =0.25 rad（bare hull）

（h）Free surface when θ = 0.25 rad（bare hull with bilge keel）
Fig.15 Thevorticity distribution around theDTMB5512 shipmodel
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Fig.16 The influence of bilge keel on rolling motion
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It can be also seen from Fig. 15 that the formation
principle of vortex and vortex center near the ship
model is similar to that of the transverse section of
two-dimensional ship model. Vortex begins to form
from the surface of the ship model when the ship is
rolling. With the movement of the ship model, part of
the vortices will be neutralized and dissipated with
the newly formed vortices and part of the vortices
will move outside under the influence of the move⁃
ment of the ship model. Because the forced roll angle
is slightly small in the example, the bare hull model
eventually forms only two vortex centers, but the
bare hull with bilge keel will form vortex center near
the bilge keel. Fig. 15 also shows the change of free
surface when the ship model rolls, from which it can
be seen that the traveling waves formed by the bare
hull model with and without bilge keel are basically
similar.
4 Conclusions

In this paper, the RANS method is used to simu⁃
late the transverse section rolling of the two-dimen⁃
sional S60 ship model, and the feasibility of meshes
and the calculation method is verified. On the basis
of this, combined with the calculation results of the
Euler method under the same model and working
condition, the ship damping coefficient is divided in⁃
to three parts: friction, wave and vortex. The propor⁃
tion of friction damping part in the total damping is
the least, while that of vortex damping part is the
largest. The correlation moments of the two have a
certain phase difference. In addition, the direction of
wave damping moment is opposite to those of friction
and vortex damping moments.

This paper also uses the RANS method to simu⁃
late the free decay rolling motion of the three-dimen⁃
sional DTMB 5512 ship model and verifies the feasi⁃
bility of meshes and the calculation method. On this
basis, the simulated calculation of the forced rolling
motion for the three-dimensional bare hull model
with and without bilge keel is carried out. The fric⁃
tion damping part and the bilge keel damping part
are separated from the total damping for analysis.
The results are similar to the two-dimensional re⁃
sults. The proportion of the friction damping part is
very small, and the impact of wave and vortex damp⁃
ing is greater. The bilge keel within a certain roll an⁃
gle range reduces the total damping moment, name⁃
ly, a certain phase difference exists between the
damping moment curve affected by the bilge keel
part and the total damping moment curve.

In later studies, the effect of bilge keel on the free
rolling motion of ship model will also be analyzed,
and the Euler method will be applied to the forced
rolling of three-dimensional ship model to separate
the wave damping coefficient. At the same time, the
influence of the relevant parameters change of ship
rolling motion on the various parts of ship damping
coefficient needs to be further studied.
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基于CFD的船舶横摇数值模拟与粘性效应分析

罗天 1，2，3，万德成 1，2，3
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摘 要：［目的目的］船舶横摇的准确预报对于船舶耐波性、稳性以及操纵性的研究具有十分重要的意义，但船舶横

摇运动受流场粘性效应的影响很大，计算中存在较多非线性因素，因而并不适于常用于研究船舶运动的传统势

流理论。为解决这一问题，［方法方法］采用基于OpenFOAM软件开发的 naoe-FOAM-SJTU求解器，分别通过欧拉方

法和 RANS方法对 S60船模典型二维横剖面的强迫横摇进行数值模拟，同时，模拟分析 DTMB 5512不同三维船

模的自由与强迫横摇运动。［结果结果］在成功将横摇阻尼力矩的不同成分分别计算出来后发现，其中漩涡阻尼所占

的比例最大，摩擦阻尼所占的比例最小，而舭龙骨在一定的横摇角度范围内则减小了横摇阻尼力矩。［结论结论］该

结果揭示了横摇参数对船舶横摇运动及横摇阻尼力矩的影响，对准确预报船舶的横摇运动具有重要意义。

关键词：船舶；横摇运动；阻尼系数；阻尼力矩；RANS方法；欧拉方法
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